In recent years, impressive advances in harvesting renewable energy have led to a pressing demand for the complimentary energy storage technology. Here, a high Coulombic efficiency (∼99.7%) Al battery is developed using earth-abundant aluminum as the anode, graphite as the cathode, and a cheap ionic liquid analog electrolyte made from a mixture of AlCl 3 and urea in a 1.3:1 molar ratio. The battery displays discharge voltage plateaus around 1.9 and 1.5 V (average discharge = 1.73 V) and yielded a specific cathode capacity of ∼73 mAh g −1 at a current density of 100 mA g −1 (∼1.4 C). High Coulombic efficiency over a range of charge-discharge rates and stability over ∼150-200 cycles was easily demonstrated. In situ Raman spectroscopy clearly showed chloroaluminate anion intercalation/deintercalation of graphite (positive electrode) during charge-discharge and suggested the formation of a stage 2 graphite intercalation compound when fully charged. + cations. This battery is a promising prospect for a future high-performance, low-cost energy storage device.
In recent years, impressive advances in harvesting renewable energy have led to a pressing demand for the complimentary energy storage technology. Here, a high Coulombic efficiency (∼99.7%) Al battery is developed using earth-abundant aluminum as the anode, graphite as the cathode, and a cheap ionic liquid analog electrolyte made from a mixture of AlCl 3 and urea in a 1.3:1 molar ratio. The battery displays discharge voltage plateaus around 1.9 and 1.5 V (average discharge = 1.73 V) and yielded a specific cathode capacity of ∼73 mAh g −1 at a current density of 100 mA g −1 (∼1.4 C). High Coulombic efficiency over a range of charge-discharge rates and stability over ∼150-200 cycles was easily demonstrated. In situ Raman spectroscopy clearly showed chloroaluminate anion intercalation/deintercalation of graphite (positive electrode) during charge-discharge and suggested the formation of a stage 2 graphite intercalation compound when fully charged. Raman spectroscopy and NMR suggested the existence of + cations. This battery is a promising prospect for a future high-performance, low-cost energy storage device.
aluminum-ion battery | urea electrolyte | ionicity | ionic liquid | energy storage C heap, high-rate (fast charge/discharge) rechargeable batteries with long cycle lives are urgently needed for grid-scale storage of renewable energy, as it is becoming increasingly important to replace fossil fuels (1) . Lithium-ion batteries (LIBs) are expensive and have limited cycle life, which makes them nonideal for grid-scale energy storage. Furthermore, high-rate capability is necessary for use in the grid, under which conditions LIBs become increasingly unsafe due to the flammability of the electrolytes used. Batteries based on aluminum offer a viable alternative due to aluminum's three-electron redox properties (offers potential for high-capacity batteries), stability in the metallic state, and very high natural abundance. Furthermore, the development of these batteries based on nonflammable electrolytes of low toxicity is critical for minimizing safety hazard and environmental impact. For this reason, ionic liquids (ILs) have been investigated for energy storage due to their low vapor pressure and wide electrochemical windows, unfortunately with the caveat of high cost in most cases. A new class of ionic liquids, referred to as ionic liquid analogs (ILAs) or so-called deep eutectic solvents, generally formed through a mixture of a strongly Lewis acidic metal halide and Lewis basic ligand, have gained significant attention due to their comparable electrochemical and physical properties with reduced cost and minimal environmental footprint (2 (4) (5) (6) .
Recently, our group developed a secondary Al battery system based on the reversible deposition/stripping of aluminum at the Al negative electrode and reversible intercalation/deintercalation of chloroaluminate anions at the graphite positive electrode in a nonflammable 1-ethyl-3-methylimidazolium chloroaluminate (EMIC-AlCl 3 ) IL electrolyte (7, 8) . A ratio of AlCl 3 /EMIC = 1.3 by mole was used such that Al 2 Cl 7 − was present in the (acidic) electrolyte to facilitate aluminum deposition (9) . During charging, Al 2 Cl 7
− is reduced to deposit aluminum metal, and AlCl 4 − ions intercalate (to maintain neutrality) in graphite as carbon is oxidized. During discharge, this battery exhibited a cathode specific capacity of ∼70 mAh g −1 with a Coulombic efficiency (CE) of 97-98%, and ultrahigh charge/discharge rate (up to 5,000 mA g ) for over 7,000 cycles. However, room for improvement exists as the parameter space for the Al battery remains largely unexplored. The three-electron redox properties of aluminum allow a theoretical specific anode capacity of 2,980 mAh/g, so there is potential for much higher overall capacity (and specific energy) of the battery through the investigation of new cathode and electrolyte materials (10) (11) (12) (13) . Furthermore, whereas the 97-98% CE of this battery is higher than those of most aqueous battery systems, there is still significant room for improvement. State-of-the-art LIBs are capable of 99.98% CE (14, 15) , a benchmark that should be met by alternative battery systems. Another consideration is our existing Al battery electrolyte uses 1-ethyl-3-methylimidazolium chloride (EMIC), which is relatively expensive. Immediately plausible new electrolytes for this system could include any which are capable of reversible aluminum deposition/dissolution. In this work, we investigate the performance of a rechargeable Al battery
Significance
To relieve humanity's dependence on fossil fuels, grid-scale storage of renewable energy must be implemented. This requires cheap, high-rate, and long cycle life energy storage mechanisms. This work presents the development of an Al-ion battery using earth-abundant aluminum and graphite as anode and cathode, respectively, and an ionic liquid analog electrolyte composed of AlCl 3 and urea that is very low-cost and ecofriendly. The battery exhibits ∼99.7% Coulombic efficiency and a substantial rate capability, with a cathode capacity of 73 mA g -1 at 100 mA g -1 (1.4 C). using an ILA electrolyte based on urea, a superior compound in terms of cost (∼50× cheaper than EMIC) and eco-friendliness.
Results and Discussion
Cyclic Voltammetry and Galvanostatic Charge/Discharge of Al Battery.
The battery cathode was constructed using a graphite powder/ polymer binder pasted onto a carbon fiber paper substrate, and the anode was free-standing, high-purity Al foil. AlCl 3 /urea electrolyte was kept below 40°C during mixing to avoid electrolyte decomposition. Residual HCl impurities were removed by adding Al foil under heat and vacuum, followed by the addition of ethylaluminum dichloride (SI Materials and Methods). Fig. 1 shows the cyclic voltammogram (CV) of the Al and graphite electrodes in the AlCl 3 /urea (by mole) = 1.3 electrolyte; the ratio we found yielded the battery with the highest capacity with good cycling stability. We observed several graphite oxidation peaks in the 1.6-2.0-V (vs. Al) range, while another well-defined peak appeared at ∼2.05 V (Fig.  1A ). These processes, as well as the corresponding reduction events on the negative sweep, were easily correlated with the galvanostatic charge-discharge curve (Fig. 1C ) for a battery with ∼5-mg cm
loading of active graphitic material. The redox processes are largely reversible but somewhat kinetically hindered, showing relatively wide peaks (Fig. 1A) , most likely as a result of the high viscosity of the electrolyte (3). The deposition/dissolution of aluminum (Fig.  1B) was also quite reversible, but required some cycling to stabilize (Fig. S1 ). Based on the aluminum stripping/dissolution reaction and chloroaluminate anion intercalation in graphite, battery mechanisms are suggested and illustrated schematically in Fig. 1D . Fig. 2 shows galvanostatic charge-discharge data for the Algraphite cell using the AlCl 3 /urea ILA electrolyte. Initial cycling at 100 mA g −1 required ∼5-10 cycles for stabilization of the capacity and CE, suggesting side reactions during this time. The CE during first cycle was consistently around 90%, and then (during the first 5-10 cycles) increased above 100% until a stable capacity was reached (at which point CE was stabilized at ∼99.7%) (Fig. 2A) . The phenomenon of CE >100% is unknown to the EMIC-AlCl 3 electrolyte system (7) and therefore might involve side reactions with the cationic aluminum species or unbound urea, a topic requiring further investigation. The boxed region of Fig. 2A (enlarged in Fig. 2B ) demonstrates the capacity at varied charge-discharge rate using two different cutoff voltages (2.2 and 2.15 V-chosen based on Fig. 1A CV results), after which cycling at 100 mA g −1 was resumed until ) using three aluminum electrode setup. Data were recorded during the fifth cycle, and it typically took several cycles to reach a stable shape of the CV curve (Fig. S1 ). Note that our CV tests were done in pouch cell configuration, with working-and counterelectrodes separated by glass fiber paper (which was saturated with electrolyte), so that these tests would represent the battery setup we used. (C) Galvanostatic charge/discharge curve using AlCl 3 /urea = 1.3 electrolyte at 100 mA g ∼180 cycles. A slight decay in CE was observed over this time but it remained >99%. Despite the slight decay in Coulombic efficiency, energy efficiency increased slightly over cycling (due to increasing voltage efficiency), yielding values of 87.8% and 90.0% at specific currents of 100 mA g −1 or 50 mA g −1
, respectively. The effects of rate on the galvanostatic charge-discharge curves are shown in Fig.  2C , and reasonable capacities of ∼75 mAh g (1.4 C), and 200 mA g −1 (3.1 C) specific currents, respectively.
In Situ Raman Spectroscopy. In situ Raman scattering during charging/discharging experiments (SI Materials and Methods) were performed to investigate the changes to the graphite structure during battery operation. Fig. 3 displays spectra (Fig. 3 A and C) recorded during charge/discharge at a rate of 50 mA g −1 correlated to the respective regions of the galvanostatic charge/discharge curves ( Fig.  3 B and D) . The data were recorded in the battery's 81st chargedischarge cycle, without observing obvious increase in the graphite defect-related D band (Fig. S2) , suggesting high graphite structural integrity through chloroaluminate intercalation/deintercalation cycles. Immediately upon beginning the lower plateau charging process, the G band of pristine graphite (1,584 cm . This splitting resulted from rearrangement of positive charges on the boundary layers of the graphite during intercalation. Boundary layers adjacent to intercalant layers experienced more positive charges, leading to a large blue shift in the E 2g band for these layers, giving rise to two different E 2g peaks overall, inner (i) and outer (b) (Fig. 3A , Inset; spectra in red) (16, 17) . Based on the ratio of the intensities of these two peaks, the intercalation stage (n > 2) at that moment in time could be calculated based on the following equation:
where σ i /σ b is the ratio of Raman scattering cross-sections, which was assumed to be unity (16) . This initial splitting therefore indicated the formation of a dilute stage 4-5 intercalation compound, and as charging continued the two peaks steadily blueshifted with increasing potential/capacity of the battery. The E 2g(b) band then underwent a small splitting (∼3 cm
) at 1.94-1.99 V (Fig. 3A , Inset, spectra in green). At this point, the stage number (n) was calculated to be ∼2.5. Shortly afterward (at 2.03 V) the E 2g(i) band disappeared completely. This was followed by the E 2g(b) roughly doubling in intensity before it underwent another large splitting (1,619-1,632 cm
) at the beginning of the upper plateau (∼2.097 V) (Fig. 3A, spectra in blue) . At the fully charged state, only one high-intensity peak at 1,632 cm −1 remained, suggesting the formation of a stage 1 or 2 graphite intercalation compound (GIC) because neither E 2g(i) and E 2g(b) bands were present (16) . A stage 2 GIC was assumed, based on the capacity of the Al battery.
The subsequent discharge process was reflective of the charge process, demonstrating reversibility. As the discharge of the upper plateau began (2.011 V), there was a slight red shift by 1 cm . The 1,631-cm −1 peak proceeded to completely disappear, and the 1,619-cm −1 peak maximized at ∼1.66 V, which signified the end of the upper plateau discharging process/ deformation of the stage 2 GIC (Fig. 3C, spectra in blue) . Halfway through the lower voltage plateau (1.535 V) the second large splitting occurred and the original E 2g(i) began to reappear with decreasing potential (Fig. 3C , Inset; spectra in red). Shortly after the reappearance of the E 2g(i) mode, another splitting occurred at 1.525-1.535 V, small in magnitude (∼5 cm −1 ), as was seen during the charging process (Fig. 3C, Inset, spectra in green) . This splitting likely corresponded to one of the several lower current redox events in this region demonstrated by CV (Fig. 1A) . Of course, all bands red-shifted during discharge.
Speciation in Electrolyte by Raman Spectroscopy. Next, we investigated the speciation in several AlCl 3 /urea electrolytes. In the AlCl 3 /urea = 1.0 ILA electrolyte, it was suggested (3) that aluminum deposition must have occurred from a cationic species of the form [AlCl 2 ·(ligand) n ] + , because Al 2 Cl 7 − was not present and AlCl 4 − cannot be reduced in the relevant voltage window. We performed Raman spectroscopy studies of five electrolytes with AlCl 3 /urea in the range of 1.0-1.5 (Fig. 4A) . Raman spectroscopy has previously been used to reveal the existence of chloroaluminate anions in both ILs (18) (19) (20) and ILAs (21, 22) , with the Raman shifts appearing rather invariant in both ILs or ILAs with different cationic species. We observed characteristic − that also increased with AlCl 3 content (Fig. 4B) (19) .
Because Al 2 Cl 7 − exists in our AlCl 3 /urea = 1.3 electrolyte used for the Al battery, aluminum deposition likely occurs through two pathways (3, 9):
Negative electrode reaction : 2 Â AlCl 2 · ðureaÞ 2 Ã + + 3 e − → Al + AlCl 4 − + 4 ðureaÞ,
where deposition through a cationic species would likely be dominant (Eq. 2). During aluminum deposition, cationic species would migrate to the aluminum electrode, whereas anionic species would migrate to the graphite electrode. Furthermore, Al deposition from the cation (via Eq. 2) generates free urea at the surface of the aluminum electrode, which would likely react with some amount of Al 2 Cl 7 − . Eq. 2 assumes that only a four-coordinate cation exists, in which two urea molecules are bound to Al by the oxygen atom in urea (3) . The tricoordinate cation is unlikely due to the lack of inductive substituents on the nitrogen of urea that might allow it to be bidentate, as is seen in the case of acetamide derivatives (21) . The graphite intercalation reaction remains the same as in the EMIC-AlCl 3 Al battery case regardless of the aluminum stripping process at the anode:
where x is the number of carbon atoms per intercalated anion (x = 30 based on a capacity of 75 mAh g −1 from 50-mA g −1 galvanostatic discharging data). The specific energies calculated using Eqs. 1 and 2 were 45 Wh kg −1 and 76 Wh kg −1 , respectively. These values represent an upper limit to the specific energy, as the calculation neglects the fraction of neutral species that would necessarily accompany the anionic and cationic species in this liquid, which is not 100% ionic.
Analyzing Relative Concentrations of Ionic Species in Electrolyte. We analyzed the relative concentrations of ions in the electrolyte, Al NMR spectroscopy and found Al species (23, 24) consistent with chloroaluminate anions and a urea-coordinated cation in the electrolytes (Fig. 4 C and D) . Al NMR spectra of the AlCl 3 -urea ILA to the AlCl 3 -EMIC IL at the corresponding molar ratios. The spectrum of the AlCl 3 /EMIC = 1.0 electrolyte showed a single peak corresponding to AlCl 4 − (δ = 101.8 ppm) anion (Fig. 4D) . However, the spectrum of AlCl 3 /urea = (22) . The resonance at 52.7 ppm was broad and low intensity and is shown clearly in Fig. S3 . In the AlCl 3 /EMIC = 1.3 electrolyte, the system is totally ionic with AlCl 4 − (δ = 101.8 ppm) and Al 2 Cl 7 − (δ = 96.7 ppm) being the dominant species at the 1.3 ratio. In the AlCl 3 /urea = 1.3 electrolyte, the spectrum exhibited a much broader [likely due to chemical exchange (22) (Fig.  4C) . Deconvolution of this broad resonance was performed to attempt to quantify the different species, but due to incurred difficulties the results were not considered for discussion.
Conclusion
A high-efficiency battery that is stable over ∼180 cycles and a variety of charge-discharge rates using an Al anode, graphite powder cathode, and cheap AlCl 3 /urea ionic liquid analog electrolyte was successfully established. Intercalation/deintercalation of graphite during charging/discharging was confirmed by in situ Raman experiments, and a stage 2 GIC was observed. Reversibility of the process was confirmed by recovery of the G band at 1,584 cm + and Al 2 Cl 7 − ionic species in the electrolyte. The future prospects of the Al battery based on the AlCl 3 /urea electrolyte are promising and deserve further investigation. The high Coulombic efficiency of the battery suggests long cycling capabilities, but this (ideally thousands of cycles) must be demonstrated. The earth abundance and low-cost nature of the components of this battery make it a very attractive option for use on large scales, and its relatively low specific energy (with respect to LIBs) is acceptable for nonmobile energy storage units. The rate capability of this battery is markedly less impressive than that of the EMIC-based battery system due to the higher viscosity and lower conductivity/ionicity of the electrolyte, but should have room for further improvement. Whereas this work represents a satisfying step forward, exploration of numerous combinations of electrolytes and electrode materials remains wide open for further development of Al batteries to achieve ultrahigh specific energy/cost ratios.
Materials and Methods
SI Materials and Methods explains in detail the materials used and methods followed in this paper. 
